ABSTRACT Background: Findings of the effect of dietary glycemic index (GI) and glycemic load (GL) on the risk of incident diabetes are inconsistent. Objective: We examined the associations of dietary GI and GL with clinical variables at baseline and the incidence of diabetes. Design: The 7321 white Whitehall II participants (71% men) attending screening in 1991-1993, free of diabetes at baseline, and with food-frequency questionnaire data were followed for 13 y. Results: At baseline, dietary GI and GL were associated inversely with HDL cholesterol, and GI was associated directly with triacylglycerols. Dietary GI and GL were related inversely to fasting glucose and directly to 2-h postload glucose, but only the association between GI and 2-h postload glucose was robust to statistical adjustments for employment grade, physical activity, smoking status, and intakes of alcohol, fiber, and carbohydrates. High-dietary GI was not associated with increased risk of incident diabetes. Hazard ratios (HRs) across sex-specific tertiles of dietary GI were 1.00, 0.95 (95% CI: 0.73, 1.24), and 0.94 (95% CI: 0.72, 1.22) (adjusted for sex, age, and energy misreporting; P for trend ҃ 0.64). Corresponding HRs across tertiles of dietary GL were 1.00, 0.92 (95% CI: 0.71, 1.19), and 0.70 (95% CI: 0.54, 0.92) (P for trend ҃ 0.01). The protective effect on diabetes risk remained significant after adjustment for employment grade, smoking, and alcohol intake but not after further adjustment for carbohydrate and fiber intakes.
INTRODUCTION
The prevalence of type 2 diabetes mellitus is increasing rapidly in many parts of the world, and prevention of the disease has become one of the main challenges facing public health (1) (2) (3) . Healthy eating patterns were associated with lower risk of diabetes in cohort studies (4 -6) , and there is considerable interest in the extent to which the reduced risk is attributable to the quality and quantity of carbohydrates eaten.
Variations in the blood glucose-raising effect of foods are extensively documented (7) . The glycemic index (GI) was first introduced by Jenkins et al (8) as a dietary management tool for diabetic patients. It measures the glycemic response to ingestion of a fixed amount of available carbohydrate in a test food compared with the same amount of available carbohydrate in a reference food (glucose or white bread) by the same subject. The glycemic load (GL) takes into account the differences in carbohydrate content of foods and is the product of the GI and the proportion of carbohydrate in a food. GI and GL are also used to assess the glycemic response of meals or habitual dietary intakes. In these instances, the dietary GI is calculated as the average of the GI values of all foods consumed weighted for their relative proportion of available carbohydrate, whereas the dietary GL is the sum of GL values for all foods eaten (9, 10) .
Meals with a large amount of high-GI carbohydrates give higher insulin secretion than do equicaloric diets with low-GI carbohydrates. It is thought that frequent episodes of hyperinsulinemia may contribute to development of insulin resistance (11) . The carbohydrate-insulin-disease hypothesis is supported by 4 cohort studies that relate high-dietary GI or GL or both with increased risk of incident diabetes (9, 10, 12, 13) but not by 2 other studies (14, 15) .
In our study population, a healthy eating pattern was associated with a 30% reduction in the incidence of type 2 diabetes after controlling for socioeconomic position, smoking history, and physical activity levels (PALs) (EJ Brunner et al, unpublished observations, 1991 Brunner et al, unpublished observations, -2006 . The aim of this paper was to examine whether dietary GI and GL are associated with clinical risk factors at baseline and with incident type 2 diabetes mellitus in a healthy cohort of middle-aged men and women.
SUBJECTS AND METHODS

Study population
Participants were recruited to the Whitehall II study in 1985-1988 (phase 1) from 20 civil service departments in London. After the initial clinical examination, the 10 308 participants (69% men) were followed up with postal questionnaires at 2.5-y intervals (phases 2-7) and further clinical examinations in 1991-1994 (phase 3), 1997-1999 (phase 5), and 2003-2004 (phase 7) (16). Detailed dietary information was first collected during phase 3 (baseline in the present analyses). At phase 3, 86% of the cohort (n ҃ 8826) completed a questionnaire, attended the research clinic, or both (17) . The 7321 white participants (71% men) with complete food-frequency questionnaire (FFQ) data were included if they had no history or diagnosis of diabetes at the phase 3 screening. Ethnic minority participants were excluded because the FFQ was designed for Western diets.
The study was approved by the University College London Medical School Committee on the Ethics of Human Research. Informed consent was obtained at baseline and renewed at each contact.
Dietary assessment
The relative validity of the 127-item FFQ used was determined against a 7-d diary and biomarkers (18) . For each FFQ item, participants were asked to report their frequency of eating a common unit or portion during the previous year. Energy and nutrient intakes were calculated with the use of the 4th and 5th editions of McCance and Widdowson's The Composition of Foods and supplementary tables (19, 20 (7) . Average dietary GI was calculated by adding the product of the carbohydrate content of each food item multiplied by the assigned portion size, the frequency of use, and the GI value of the food item and then dividing this sum by the total carbohydrate intake. The GL was calculated as the total carbohydrate intake multiplied by dietary GI divided by 100.
Evaluation of energy intake
The reported energy intake (EI) was evaluated against estimated energy expenditure (EE) to account for energy misreporting (21) . For a weight stable person the ratio of EI to EE (EI:EE) is 1 if there is no energy misreporting, 1 if there is underreporting, and 1 if intake is overreported. EE was based on estimated basal metabolic rate (BMR) (22) and a minimum assumed PAL of 1.55 ҂ BMR (sedentary) in this cohort of office workers, plus the estimated energy cost of self-reported weekly hours of moderate and vigorous leisure-time activity. The energy cost was estimated with the use of metabolic equivalent (MET) values. One MET is the metabolic EE of lying quietly and is equivalent to 1 kcal ⅐ kg body weight Ҁ1 ⅐ h Ҁ1 (23) . A MET score of 3 was used for hours of moderate activity and 5 MET/h was used for vigorous activity. Weight was missing for 261 men and 149 women, who were assigned either the average of the weights recorded at phases 1 and 5 (n ҃ 133) or weight at phase 1 (n ҃ 244), depending on availability of data. Mean calculated PAL based on EE/BMR was 1.63 (range: 1.55-2.99) and mean EI:EE was 0.79 (range: 0.14 -3.40). Participants with a log EI:EE value outside 3 SDs of the log mean were excluded (n ҃ 80). Participants were not excluded based on intakes below fixed energy values, because heavy or physically active persons have a lower likelihood of being identified as energy underreporters (21) .
Blood collection and analysis
Blood samples were collected after either an 8-h fast (participants presenting to the clinic in the morning) or at least 4 h after a light fat-free breakfast (participants presenting in the afternoon). After the initial blood sample, participants drank 389 mL Lucozade (equivalent to 75 g anhydrous glucose; GlaxoSmithKline UK, Brentford, United Kingdom) over 5 min. A second blood sample was taken 2 h later. Venepuncture of the left antecubital vein was performed with tourniquet. Blood was collected into plain and fluoride Sarstedt (Neumbrecht, Germany) monovettes. Centrifugation differed somewhat in each phase: in phase 3, the blood was left for 15-30 min and then spun for 10 min at 3000 RPM at room temperature; in phase 5, the blood was left for 15 min and then spun for 15 min at the same speed and temperature; and in phase 7, the blood was left for 30 min and then spun for 10 min at the same speed and temperature (CL3 ThermoIEC centrifuge; Thermo Life Sciences, Waltham, MA used for all procedures). After centrifugation, samples were immediately frozen at Ҁ80°C, and serum for lipids was refrigerated at Ҁ4°C for analysis on the following working day. Glucose was measured in fluoride plasma by an electrochemical glucose oxidase method. Serum insulin was measured by radioimmunoassay with the use of a polyclonal guinea pig antiserum. Cholesterol and triacylglycerols were measured with the use of a Cobas Fara centrifugal analyzer (Roche Diagnostics System, Nutley, NJ). HDL cholesterol was measured by precipitating non-HDL cholesterol with dextran sulfate-magnesium chloride with the use of a centrifuge and measuring cholesterol in the supernatant fluid.
Employment grade and other covariates
Employment grade within the civil service was used as the measure of adult socioeconomic position (6 levels). Annual salary range at 1 August 1992 was from £6483 to £87 620. Weight was measured to the nearest 0.1 kg with the use of an electronic scale with participants dressed in a gown. Height was measured to the nearest centimeter, and waist (narrowest point between lower rib and upper trochanter) and hip circumferences (most lateral point on the greater trochanter) were measured to the nearest 0.1 cm. Smoking habits (never, exsmoker, current) and leisure-time physical activity (hours of moderate and vigorous activity per week) were self-reported.
Outcome ascertainment
Incident cases of diabetes were identified by self-report of doctor's diagnosis and diabetic medication at phase 1 and subsequent study phases and by 2-h oral glucose tolerance test (2-h postload glucose) at phases 3, 5, and 7. Incident diabetes was dated at the day of study visit for participants first identified through the 2-h postload glucose. For participants identified by self-report, the midpoint between the first instance of selfreported diabetes and the previous phase was used. Person-time of exposure was censored at the midpoint between the last known visit and the first missing visit for participants lost to follow-up. 
Statistical methods
All nutrient intakes, dietary GI, and GL were adjusted for energy with the use of the residuals method (24) , and values are presented in Table 1 as the sum of the residual and the sexspecific mean. Participants were ranked and divided into sexspecific tertiles of dietary GI and GL, respectively. The distributions of HDL, triacylglycerols, fasting glucose and insulin, and 2-h postload glucose were all positively skewed, and their lns were used in analyses. In Table 2 , the mean values of the clinical measures were age-adjusted with age groups as a covariate (5-y bands), and the resulting mean logarithmic terms of the clinical measures were exponentiated.
Linear trends were analyzed with the use of univariate analyses of variance (Tables 1 and 2) for continuous variables and chi-square linear-by-linear association for trends in proportions (administrative grade, smokers, physically active). The univariate analyses of variance were repeated with interaction terms (sex ҂ tertiles of GI or sex ҂ tertiles of GL, respectively). If the interaction term was significant (P 0.05), P values for trend were presented for each sex separately, otherwise trends were analyzed for the whole sample with sex as a covariate in Table 1 and sex and age as covariates in Table 2 .
Linear regression models were used to examine associations between dietary GI and GL, respectively, and the clinical measures with the base model were adjusted for sex, age (4 age bands), and energy misreporting (EI:EE values). In 3 further models, the associations were adjusted for employment grade (6 levels); physical activity (3 levels); smoking status (current, exsmoker, or never); alcohol, carbohydrate, and fiber intakes; body mass index (BMI; in kg/m 2 ); and waist-to-hip ratio (WHR). A main effect of sex was observed in all models (P 0.01). All models were repeated to test for sex interactions (data not shown).
STATA software (version 9.0; Stata Corporation, College Station, TX) was used to fit Cox proportional hazards regression models with follow-up time as the underlying time variable. The base models adjusted for age and energy misreporting. Further adjustments were made by fitting models with the same factors as in the linear regression models. In Table 4 , both sexes were analyzed in the same model, using sex-specific tertiles of the exposure variables. This was justified by fitting logistic regression models with disease outcome as the dependent variable and with sex, the glycemic measures, and an interaction term as independent variables. The log-likelihood test comparing models with and without the interaction term indicated no sex interaction. Similar hazard ratios were obtained in analyses for each sex separately. In tables involving serial adjustments (Tables 3  and 4) , observations with incomplete covariates were excluded from the analyses.
RESULTS
Descriptive characteristics of the study participants across sex-specific tertiles of energy-adjusted dietary GI and GL are presented in Table 1 . Energy misreporting, based on EI:EE, did not vary systematically across tertiles of dietary GI and GL. Dietary GI was weakly associated with total carbohydrate and fat intakes and negatively with fiber and alcohol intakes. GL was strongly associated with total carbohydrate and fiber intakes and inversely with total fat intake. Participants with a high-dietary GI were more likely to be current smokers and less likely to be physically active and have an administrative grade (high grade). High GL was associated with a lower proportion of smokers and a lower proportion with an administrative grade. BMI was inversely related to dietary GI and GL. Slight inverse trends in WHR were observed across tertiles of dietary GI and GL. Table 2 shows age-adjusted mean fasting HDL, triacylglycerols, glucose, and insulin and 2-h postload glucose in participants with low-, medium-, and high-dietary GI and GL, respectively. Significant inverse trends were observed for HDL with higher values of dietary GI and GL. A significant increasing trend in triacylglycerols with higher GI was observed, whereas no association was present across tertiles of GL. Lower fasting glucose concentrations and higher 2-h postload glucose values were observed with increasing dietary GI and GL, apart from dietary GI and fasting glucose among women. Fasting insulin was inversely related to dietary GL only.
In linear regression models (Table 3) , the significant inverse association between both GI and GL with HDL remained after adjustment for employment grade, physical activity, smoking status, and alcohol intake but were notably attenuated after adjustments for fiber and carbohydrate intakes (model 3). Further adjustment for fat intake and fat fractions barely attenuated the estimates (data not shown). In models that examined triacylglycerols, the direct -137), and 152 (137-281). The geometric mean was analyzed with the ln of the clinical variables with age groups as a covariate (5-y bands) and exponentiating the resulting mean logarithmic term. The SD was of the untransformed variable with age groups as a covariate.
2 Analyzed for sexes combined with age groups and sex as covariates. The effect of sex was significant in all models, P 0.05. 3 x Ȁ SD (all such values). 4 Significant sex interaction (sex ҂ tertiles of GI or sex ҂ tertiles of GL, respectively), P 0.05. P for trend presented separately by sex, with age groups as a covariate. association with dietary GI remained significant also in model 3 with adjustments for fiber and carbohydrate intakes. Further adjustment for BMI and WHR strengthened the associations between the dietary GI and GL with both HDL and triacylglycerols.
Few of the associations between dietary GI or GL, respectively, and measures of glycemia were robust to statistical adjustments. Only the relation between dietary GI and 2-h postload glucose remained significantly in all the models tested. The weak inverse associations between fasting glucose and both GI and GL and between fasting insulin and GL were not significant in multiple adjusted models.
After 65 774 person-years of follow-up, 329 incident cases of diabetes were identified among participants with dietary assessment (Table 4) . Dietary GI was not associated with the risk of incident diabetes. Further adjustment for employment grade; physical activity; smoking status; intake of alcohol, fiber, and carbohydrates; WHR; and BMI did not alter the findings (models 2-4). Hazard ratios across tertiles of GL showed an inverse 1 Linear regression models were analyzed with the ln of the clinical variables. Interaction terms (sex ҂ GI or sex ҂ GL, respectively) were significant (P 0.05) when included in base models (model 1) that examined dietary GI and fasting glucose, dietary GL and triacylglycerols, and dietary GL and fasting glucose (P 0.05). The interaction terms were not significant in the adjusted models (models 2-4).
2 Adjusted for sex, age group, and ratio of reported energy intake to estimated energy expenditure (EI:EE). 3 P 0.001. 4 P 0.01. 5 Adjusted for sex, age group, EI:EE, employment grade, physical activity, smoking, and alcohol intake. 6 P 0.05. 7 Adjusted for sex, age group, EI:EE, employment grade, physical activity, smoking, and intakes of alcohol, fiber, and carbohydrates. 8 Adjusted for sex; age group; EI:EE; employment grade; physical activity; smoking; intakes of alcohol, fiber, and carbohydrates; baseline BMI; and waist-to-hip ratio.
TABLE 4
Hazard ratios (and 95% CIs) of incident diabetes across sex-specific tertiles of dietary glycemic index (GI) and glycemic load (GL) in 5598 Whitehall II participants association with diabetes risk in the base model (P for trend ҃ 0.011). The weak protective effect of high GL remained after adjustment for employment grade, physical activity, smoking status, and alcohol intake, but it was not significant after further adjustment for carbohydrate and fiber intakes (model 3) and in a model additionally adjusted for BMI and WHR (model 4).
DISCUSSION
Higher dietary GI and GL were not associated with an increased risk of incident diabetes in this population after 13 y of follow-up. On the contrary, high-dietary GL was associated with decreased risk of diabetes. This protective effect remained after adjustments for employment grade, smoking, and alcohol intake and the attenuation by adjustment for total carbohydrate and fiber intakes was moderate. These findings are consistent with a possible protective role of dietary factors on disease risk, but they do not support the hypothesis that high-dietary GI and GL may be a risk factor for type 2 diabetes. In this population, participants with high-dietary GI and GL had slightly lower BMIs, but this did not appear to mask a possible increased risk of diabetes associated with such diets.
Assessment of incident diabetes in our cohort was based on both 2-h postload glucose tests at 5-y intervals and self-reports of doctors' diagnosis and medication. Diabetes assessment with the use of selfreported diagnosis only may be selective for severe cases. We were able to exclude both known and previously undiagnosed diabetes at baseline, producing results based entirely on incident disease. The participants are well characterized for socioeconomic position and health behaviors. A particular strength of the Whitehall II study is the full ascertainment of clinical risk factors at baseline which confirmed that the dietary GI and GL scores based on FFQ data were related to HDL and triacylglycerols. Dietary GI was associated with 2-h postload glucose, but dietary GI and GL were not associated with fasting glucose and insulin in a coherent way. The FFQ method is prone to measurement error, but we found that our questionnaire performed relatively well in our cohort, in comparison with biomarkers of intake and a 7-d food diary (18) . We excluded few participants with extreme energy misreporting (using EI:EE). The use of alternative less-extreme cutoffs excluding a higher proportion of participants did not change the findings (data not shown).
The studies published so far provide conflicting evidence on the possible role of dietary GI and GL on diabetes risk (9, 10, (12) (13) (14) (15) . The 3 studies showing the strongest association between dietary GI or GL and diabetes risk are based on large cohorts, considerable follow-up time, and similar dietary assessment tools (9, 10, 13), but they differ about the effects of GI or GL. One showed an increase in disease risk for both dietary GI and GL (9) , whereas the others showed increased risk associated with dietary GL only (10, 13) . In the first 2 analyses (9, 10) the association between dietary GL and diabetes risk appeared when it was coupled with cereal fiber. Those studies also include complex statistical models with adjustments for several other dietary factors, including total carbohydrate intake. Singling out the effect of specific nutrients is generally difficult because dietary factors are often strongly correlated. In our sample, the correlation between energy-adjusted dietary GL and total carbohydrate intake was 0.93, making separation of these 2 effects impossible with the use of statistical modeling.
Dietary GI was associated with 2-h postload glucose but not with fasting glucose and insulin concentrations. If a high-GI or high-GL diet increases the risk of diabetes, it might be expected that these measures would be associated with poorer glucose tolerance at baseline. A lack of coherent associations between dietary GI and GL with measures of glycemia was observed in other population studies (25, 26) . Evidence from randomized controlled trials has, however, shown that low-GI diets can improve insulin sensitivity (27) (28) (29) .
Mayer-Davis et al (26) suggest that divergent findings between trials and observational studies could be due to dietary GI and GL scores being unable to capture the metabolic effect of foods consumed as part of a habitual diet. This explanation is plausible, but it is contradicted by the associations between dietary GI and GL with HDL cholesterol and triacylglycerols, respectively, as seen in several studies (30 -33) . Dietary GL is closely related to total carbohydrate intake, and, consequently, it is inversely related to total fat intake. A low-fat and highcarbohydrate diet is known to decrease HDL cholesterol and to increase triacylglycerols (34, 35) . In this study, the relation of dietary GI and GL with HDL cholesterol and triacylglycerols was attenuated by adjustments for carbohydrate and fiber intakes. Still, some of the associations remained in the fully adjusted models. These associations indicate that dietary GI and GL capture some physiologically relevant qualities of the diet.
Although randomized controlled trials of low-GI diets offer good control of the changes made, such dietary manipulations may be confounded by other nutrients or bioactive substances. Low-GI trial diets are often based on foods thought to be protective of diabetes in their own right, particularly whole-grain cereals (36) . The concordance with conventionally healthy eating patterns is likely to be high, whereas this may not be so in cohort studies observing self-selected diets. Schultz et al (37) described that dietary GI is associated with intake of white bread, beer, meats, and fries or fried potatoes and is inversely associated with fruit and low-fat dairy products in a multiethnic American population. In addition, their study showed that dietary GI, less so than the GL, is associated with a number of other foods with low-carbohydrate content and with noncarbohydrate nutrients. It could be that there is more variation in the underlying food base at any given value of dietary GI or GL in data from observational studies than there is in dietary trials. If this were the case, different dietary patterns with the same overall dietary GI and GL values might explain the divergent health effects of carbohydrate quality observed in trials as opposed to cohort studies.
Dietary GI and GL are global measures of a physiologic response that are determined both by the rate of glucose uptake as well as the removal of glucose from the bloodstream. Important factors contributing to the GI of foods are 1) intact structures slowing down digestion, 2) the fructose content, 3) viscous polysaccharides slowing down gastric emptying and enzymatic hydrolysis, 4) concomitant fat intake slowing down gastric emptying, and 5) high-protein content stimulating insulin secretion (38) . Those factors may differ in their effects on disease pathways. Intake of some fiber fractions and resistant starch appears to improve insulin sensitivity, increase satiety, and reduce fat storage (39, 40) . Fructose intake, however, triggers endocrine mechanisms that may favor positive energy balance and hyperlipidemia (41) .
Our study could not confirm that high-dietary GI or GL diets are associated with increased risk of type 2 diabetes mellitus, despite the expected link with a higher risk lipoprotein profile. The ascertainment of incident diabetes mellitus is exceptionally good in this screened population. The growing number of studies with null findings casts further doubt on whether dietary GI and GL contribute to our understanding of the diabetes epidemic. There are good reasons to believe that dietary modifications can alter diabetes risk, but whether the multifactorial concept of GI is useful in studies of carbohydrate metabolism and its significance for disease remain uncertain.
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